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1 April 1946

NPG Report 11o. 4-46

1-LLISTIC SUW tRY - PART II
THE SCALS EFFYCT ,AND TPS OGIE MVr

1, For sone ars the Naval Proving Ground has been assid uwly
eM~ged in tLe study of the penatratlon of arvior by projectiles. Pureu-
ahae of this vork to conclus v e S le must be predicated upou well
substaniated theorizs defining the perforbanes ef the materials involved
under tae rriouv possible conditions.

2. Particularly necessary in the more imediately practical field
of arwr study and evaluation, is the need for dependable plate penetra-
tion charts or tables. Tn 1943 Lieut, A. V. Hershey, USNR was assigned
the tee r sf preparing sucb oharte. In prosecutlon of the a&signed task
he conducted an exziaustive study, employed for the first time new methods
of attaek &nd developed new theories concerning the pheno.ona Incident to
the penetration of plates by projectiles.

," . Du-ing the l.tter years of World War IX, Lieut. Rsvehey prepared
a series ot nine raportd which are being published by the Naval Proving
Ground under titlev as follovxg,

(1) ANAIYTLCL SUWARY. PART I. TMI PHYSICAL PROPERTIES OF ST9
UNDEU TRIAXILL EVRESS.

-21oet- To sumarine the ava'labe date on the physical properties
cf Class B Armor and STS under triaxial stress.

(2) AnLyrIcAL SUT aARY. PAr II. ELASTIC AND PLAy-tc UNDULATIONS

LN AIWOI PLATE.

,Q otit. lo analyr the popegation of andulatlona in armor plate;
to summarize previous analytical work and to add new
ana]ytial work *hare reqvired in order to completm the
theory xor ballit.ic applicationp.

A--~
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N C LASS ; "D

(3) ANALYTICAL SUMMARY. PAW III- PLA9TIC FLOW IN ARMOR PLATE.

2b:ect-. To analyse the plastic flow in armor plate adjacent to the

point of impact by a projectile.

(4) ANALW.ICAL M1AARY, PAET V THE THEORY OF ARMOR PENETRATION.

cieot: To summarize the theory of armor penetration in its present

state of development, and to develop theoretical functions

which can be used as a guide in the interpretation of

ballistic data.

(5) BALLISTIC SUIARY. PART I. THE DEPEDDENCE OF LIMIT VILOCITY
ON PLATE THICKNES AND OBLIQUITY AT LOW OBLIQUITY.

_c To compare the results of ballistic test with the predic-

tion of existing formulae, and with the results of theoret-
Ical analysis; to find the mathematical f actions which
best represent the fundamental relationship between limit

velocity, plate thickness, and obliquity at low obliquity.

(6) BALLISTIC a uI~AY. PART II. TRE SCALE EFFECT AND THE OGIVE
EFFECT.

ObJtct: To detsrmine the effect of scale on ballistic performance,
and to correlate the projectile nose shape with the results
of ballistic test.

(7) BALLISTIC SUMMARY. PAxr IIi. THE WINDSHIELD EFFECT, AND TUE

OBLIQUITY EFFECT FOR COMMON PROJECTILES.

bjeot : To analyse the action of a windshield during impact, and

to develop mathematical functions which best represent the

ballistic performance of common projectiles.

() BALLiBtIC JIMAhUY. PART IV. THE CAP EFFECT, ANT, THE OBLIQUITY

EFFECT FOR A-P PhOJ7LTJLES3

Obje t. To aetarmine the action of a cap during impact, and to

develop mathematical functions which beat represent the

ballistic perfo nancr of AP projecti!.e,

FasLii
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(9) BALLISTIC SUIMARY. PART V. THE CONSTRUCTION OF PLATE PMN A-
TION CHAIM3 M TABLE.

-bjlet: To summarize the results of analysis in the form of standard
oharts or tables.

4. The opinions and statements contained in these reports are the

expressions of the author, and do not neoessarily represent the official
views of the Naval Proving Ground..

D)AVID I. H&DRICK
Captain, USN
Commanding Officer

Pag I
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The material in this report has been basic to the conetructi;zn
of plate penetration charts. It was authorized by Buord letter NP9/49
(Re3) dated 9 January 1943.

To determine the effect of scale on ballistic parformance, and
to correlate the projectile nose shape with the results of ballistic test.

Limit velocities for perforation at different scales, but with
gacmetrically similar cmbinations of plate and pmejactlle, vary logarith-
mically with the dimensions of the plates or projectiles. The scale
effect may be correlated with the effect of strain rate on stress in the
armor steel.

A ch-ange in nose shapa f'rom one projectilo design to another
has &n effect on Ohe depth to which the projectiles penetrate into homo-

7 geneous plate at striking velocitieas leom then limit, and modifies aluc
the limit velocity, for perforation. If a series of project iles be
arranged in the order of depth of penetration, they appear alao in the
^_orract order of limit velocity.

The alip~oid, the ogive, the cone, eaid the cylinder are all
special cases of a two-parameter family of aurfa-ses. The nose shapes
of service projectiles may also be represented to within' a few hundredths
.f& caliber by membern of this same family. Corresponding to each

projectile nose shape there exists an ellipsoidal nose shape which would
ha'ri the same ballluxic properties as the &c"Wal nose shape. In the
corvelat ion c~balllutic performance, hf, two pamtrA of the general
family of nose abaptyo may be redueed. tiar.r t he Idetio of
Mrier axim to minor axis for the "quival ±iPac-d. Valuos for th-

Padi: metera have been compu od for tho .I e of in'-erest tthe

aservi1ce .

Flare v
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Figure (1) NPC Photo No. 2976 (APL). The Plate Penetration Coeffi-
cibnt for 00 Obliquity.

Figure (2) NPG Photo NO. 3027 (APL). The Obliquity Function O

Figure (3) N'G Photo Wo. 3028 (APL). Cylindrical polar coordinates
of a point on a projectile nose contour.

Figrre (4) NPG Photo No. 5029 (APL). Parameters of the Ogive.

Figure (5) NG Pho Co NO. 3030 (APL). 2 pdr and 3" AP H79 projectile
nose contours.

Figure (6) NPG Photo No. 3031 (APL). Frnkford Arsenal experimental
Dw. 52, Dw. b3 and Dw. 54 projectile nose contours.

Figure (7) NPG Photo No. 3r32 (APL). Frankford Arsenal experimental
Dw. 55, Dw. 56, and Dw. 57 proJectile nose contours.

Figure (8) NPG Photo No. 3033 (APL). Frankford Arsenal experimental
Dw. %t and Dw. 59 projectile nose contours.

Figure (9) MPG Photo No. 3034 (APL). 3" Experimental flat nosed and
conical nosed projectile contours.

Figure (10) NPG Photo No. 3035 (APL). 4" Com' M, 16-1, 5" Com Mk 38-1
and 5" Con Mk 4t6-2 projectile nose cnotro .

Figure (1i) N Ph oto No. 3 0 36 (APL). 6" Ccrw Mk. 27-7, 8" CiM k-17 -62,
and 8" AP W 11-1 projectile nose contours.

Figure (an) N1G Pho;w No. 3037 (APLI - 2( m AP C-2)0-.l, 37m AP M4bIB2,
and l' AP M61 proJectile none contoum.

Figure (i3) NI Photo No- 3038 (APL). " AP Type A, 3" AP Type A-!,
and 3" A F k 29-. projeetiit noo contour

Figure (14) NIi Yot" Ao 1 0 .309 (AP Fr' All Mk 141, AP Ik 19u4,,
an d 8"' AP W- Z'-.5 projectile nose contourn
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Figuare (15) NWG Photo No. 3040 (APL). 6" AP k 35-5, 12" AP Uk 18-1,
and 16" AP Mk 8-6 projectile nose contours.

Figure (16) NIU Photo No. 3041 (APL). 14" AP Mk 16-2, 14" AP Mk 16-4,
and 14" AP Mi 16-8 projectile nose contours.

Figure (17) NiF Photo No. 3042 (APL). The variation of stress with
strain rate.

Figure (18) NIP Photo No. 3043 (APL). The scale effect.

Figure (19) IWO Photo No. 3044 (APL). The depth of penetration.
VgrN

Figure (20) MWO Photo No. 3045 (APL). The effect of nose a-hape on the
depth of penetration.

Figure (21) NPG Photo No. 3046 (APL). The ogive effect at e/d < .b.

Figure (a?) NTG Photo NO. 304-7 (APL). The ogive effect et c/d > .5.
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LIST OF TABLES

Table I NPG Photo NOs 3025 (APL) and 3026 (APL). Projectile Data.

Table II Parameters of tho ogive.

Table III Plate penetration coefficients for cal. .60 monobloc
projectiles vs. horigeneous plate of 1--00 (lV'/(in)2
tensile strength.

Table IV Plate penetration coefficients for geometrically similar
scale model 2 pdr projectiles, ve homogeneous plate of
115000 (lb)/(in)' tensile strength.

Table V Plate penetration coefficients for 2 pdr. projectiles
with tangent ogives of variouo calibers radius, vs.
homogeneous plate of 115000 (lb)/(in)* tensile strength.

Table VI Plate penetration coefficients for uncapped 37mm AP MS1B2
projectiles, 3" AP M79 projectiles, and other 3" monobloc
projectiles vs Class B armor and STS of i15000 (lb)/(in)2

tensile strength.

Table VII Plate penetration coefficients for AP bovks vs Class B
armor of 115000 (lb)/(in)2 tensile etrngth at 1:j,
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I INTRODUICTION

It was assumed for many years by the U. S. Navy that all
projectile designs are equivalent in bellistic performance as long as
they are undeformed. This assumption was fully justified before the
modern AP projectile development program, because there were in reality
only minor variations in projectile design. The projectiles of recent
interest have varied, however, from cal. 30 small arms ammunition at one
extreme to flat nosed major caliber bombs at the other, and differences
in projectile design can no longer be ignored !n any accurate analysis.

A few of the variables which enter into the analysis of armor
penetration are the mass of the projectile, the diameter of tlv projectile,
the thickness of the plate, the shape of the projectile nose contour and
the ductility of the plate material. The conditions of lmpett are defined
by the obliquity and the striking velocity. The results of impact in an
incomplete penetration are summarized by the depth of penetration, which
Is measured from the tip of the projectile, at the instant of maximum
travel, to a reference plane which is tangent to the plate just outeide
of the coronet but tnsie of the dish. The results of impact in a com-
plete penetration are summarized by the remaining velocity. From the
results of impact may be derived the limit velocity, or that striking
velocity which would just put the major portion of the projectile com-
pletely through the plate with zero remaining velocity.

The individual values of depth of penetration and limit velocity
for each impact vary capriciously from impact to impact partly because of
fluctuations in plate quality. The average values of depth of penetration
and limit velocity vary conutnuously however with thi- dimensions and shape
of the projectile.

The limit, velocities for non-deforming monobloc projectiles,
with geomctrically simtlar combinations of plate and projectile, decrase
on the average with increase in the dimensions of the plates or projectiles.
The decrease in limit velocity with incnrease in scale is partly the result
of a timultaneoua decrea.e i n static tensile strmng-th. As the plate thick-
ness is increased, the difficulty of control during manufactare increases,
and the thick plates er, uusilly Pest tronted to a liw hardne4s in order
to avoid brittle failure on impact. The imit velocity for a ductile
-I--- In +-rimarily a fauntioLB of t1e dyre_'ic tensile utrf.ith aid a plate

may have several limit velocitins, even for the same static tensile
F math, if the r ourotnantUre is vari:d. TIwi exista-ncm of a true scale

-- 7=
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effect would only' be revealed by a series of bali1isti toots with
geomtrically 94MtUar inonobloo, projectiles fired againut geumetrIclly W
similar piecea sliced from the sam thick plate, Such tests would
requime a difficult machining operation.

An approximate estimate of this scale effect may be darived, v

noverthelese, from existing ballistic data for nondoforming projectiles
all. with nearly the soe nose shape but tested against different plates.
Corrections may be applied to the data for small variations In nose
shape, but measuroents of the actual dynamic tensile strengths are not.
available. Corrections for variationa In tensile strength must there-
for* bo based on the assumption that the, relationship betwaen dynamiic
tensile strength nnd static teruile strength follows the general trend
for 3teela of oiontant microsiructixre. Corrections fo tensile etrenatn 4
should be applied only In part to data for plates whose hardness io near
the critical hardness for brittle failure, anid should probably be omitted
altogether from tcmparivons between Class B armer and, 73 Thus, spect-
owns of Class B armor have been founa by the group at the California
Inatitute of 11ochnology to have nearly the same dynamic tensile strengths
as specimens of 9,71S even though the static tensile strengths varied f rom
v800(b/i) for tho ('lass Bl arraor to 116000 (lb)/(in)" for the STS.

The limit v~loc~ty for non-deforring pointed projectiles*
decreases an the average as the sharpness of the point i& increased and
plate failure in each Impact ocurs with the formation of a star crack.
The limit velocity for non-deformirig round nosed projectiles, on the

othr hnddereaes n he vergeas tenose contour approachosa
flat cylinder, and plate failure in each impact u.. .zlly occurs with the
formatiou of a punching or Plug. The existence of an ogive effect Is
rovealod by a series of balllst~t. trats w~itL monobloc projmctiles of
varioue nose shapes all fired against the same plate. The number of such
tests which have boen copileted is sufficient to outline the gener&1
trends of the ogiv* effect.

Details of these ballistic data, which best illustrate the
scale effeat and the ogive effect have been ralisse-i In previous reports,
references (1) to (3) but arv- aummuarized In, Tables III to V11 In the
prevent report.

A asfiquantitative thoory of armor penetration has been com-
pleted for the 3" _AT V79 P-O.Jectils, and details of thp theory will bm
released in later -. ~to. Trhe results of the theory arm used In tho

e % ' 0V
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pri08eent report to initeriret the res&UltkI Of test. Ttle ;Yf AP' W79 projec-
tile is the 0ost extensively in!VastigateD12 monObioc Projectile, and fris
thmrlefore been, uted as tka r'eorenee stomanrd for tcriglariesons,

1I MhE BALLISTIC Pa~~

Thv rsults Of bM111imtI-C test may sonveniewtly be sunmrrized
in tormA' of' a number of b~l.~t'paranmvera. 'xImpne~3t paranster F5,
the plate penetration eefficient F /ld,O)1 aMi the rosidhal velocity

function ER nimy &II be definvd in term of the prc'ject JI mam' a, Vt
projectil d i&amet er d, the plate thickness *, the obliquity 0, the
striking valocity vt~ h ji ett L Mteraanr eoiyv
by the equations 3"OeAm t c" v'tnLi oamngaoiy

CA'

et

TIems parameters tire convenient to use Am. the, representatloi of bal 'AstIc
snce thevy &a 'x ins.Iy propor4 A nunSa to vlo tad r 4ot xa ry

rapkdiy wit pintm thicknows or- oV~lqtj

0? ~ X are rudanetn i~r'ckncea arm thie Impact energy
p~ivo e' tho 1_1 -mii N- 

tA 0 A(4 \"M'i fu~\.\ el

t trq,' functIon vshtok\ are tit'lnod ia tft1R%\N of I'~ ~/a$ mnd

xvv



by the equations

us = ( )PIS

U(e/d, 6) = ( F (l,6 v oo~
d d9

P I

These pa&ramters are proportional t3 t* kinetic energy of the projectile
at normal obliquity.

Ballistic performance may be interpreted with equal validity
in terms of either of the functions F(e/d,0) or U(e/d,0). The pojectile
mas in the functions is expressed in (lb), iLh projectile diamnter is
expressed in (ft), the plate thickness in (ft), and the limit velocity

* in (ft)/(sec).

The scale effect for a given projectile is bet represented by
the ratio 1+Cr between the limit eAergy function for the given projectile
and the limit energy function for a 31" projectile of the same geometrical
shape. The ogive effect ie eimil&:ly represented by the ratio 1±-
between the limit energy function for the given projectile and the limit
anergy funcion for a proje<tile of the same caflfer but with thM nose
contour of the 3" AP MTV projectiie. The ratio between the limit energy
fAnction for any projectil] and the limit energy function for the
3" AP M79 nrojectils is then equal to -the product (14) (!A1).

The limit energy function for the standard projectlle at low
obliquity is given4 by the equation

C

in which tis a funetlon of e,'d $ is a function of 0. The furtiona
* and 0 are expressed graphicsily by FIbkares (1) and Z).

-4-4-



The shape of any projectile nose contour is defined aalyti-
call-v by a rebittixship betwen the cylindrical polar coordinates r and
o of a point on the surface of the projectile. The dist&nce r is
measured'from the axis of ti'e projectile, and the distance a is measured

from a plane perpendicular to the axis, through the tip of the nose. The
coordiatots ria are illustrated in Figure (z). The dimensions of the
nose coutour arm the radius a of the bourrelet, end the len~th b of the

nose from bourrmlet to tip.

The ellipsoid, the ogive, and the cone are special cases of a
two-parqeter family of surfaeee, whose general eqution Is s

a a a

The two paramters in the equation are b/a end a4 .

The equatiOn for an ellipsoid is

a a a

for which the value of a it zero. The ratio b/a is the ratio between the

"N' major aw:is and the minor axis of tho ellipsoid.

Thei equaton for an oglve_ is to

a b i/j r at'r
a a Uaba

*Acordfnig to the rtrictest defInftion, the ogive Im a surfmce of' rvolu*

tion described by the arc of a single circle which is tangent to the
bcurrelet.

I S
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The parameters b/a and i for an ogive &? given 1-n terms of the radius R
of the are by the equations

61f

a a a

and

:a a

Th ) equct ,on for the cone i1

a aa

for mUhich the value of' a is equO, to + 2. The ratio b/a is the ratio
* between the altituiAe o! the .ae and the radius of the b&se,

The flat nose or .ylinder is obtained from the general equation.,
* for any vaiue of oaby isetting b/a equal to zero.

TVw nose contoure of sorvice tyix projectile3 may also be repre-
an ed to within a few hundredths of a caliber by mmbers of the seem
faimly, Valut ot the parameters 6/a avd a have been chosen for all of
the projectiles of hallistlc interest. The parameters hafe been so chosen
that the emlmi eortained between the proj-ctile uoae vortour end. a c.rcum-
ocribed cylinder is the saei for the approximate contour as for the actual
e, ontou'r+, Thm volitwe of t}ke cir,umscribed cylinder is na~b, while the
vo2tnne contaied in the apace btyiean the proje: ile Lose nontour and the
circiniT-cribd c iinder Is given by the integral

2T f i Jt- _ +.. . + _ ,

,-..

: .+ +, :+< ++ L' 2 2,, ,+. , ;+2++., -X.++,+. :N',++.'+,, -- +., o,:+.+ +++i-b =-
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The ratio betwoon the two volumes is given for the approximate contour
In termse of a by the eqnation

+if~ coo (2)

Values of this ratio have been computed for a series of 'values of (x and
are listed In Tabla II. The ra~tio botween the two volumes is found f or
the actuali oontour by numrical integration.

The valueo cf b/a anti c' aor service type projectilea werf-
fouad by a prreiis of successive approimations. Fromv trial values of
b/a and a were calt.'ilated points on a trial oontour, which waui then
eomnpared graphically with thn actual eenrtour. The parameters wore
readjusted until the distance between the two cotodzra was reduced to a
,minimnum. The final values for b/laad ot are listed in Table I and are

* plotted in Figure (4). The fioal trial contours for a few of the projec-
tiles, are comp.,red with the autual ccmtoure in Figures (5) to (16),
where the trial. contours are represented by dotted lines and the actual
ecotours arm ",preventzd by volil linea,

III STATISTICAL ANKLYM3S OF THE PALLISTIC DATA

Soparatityn of the scale effect and the ogive effect from the
offoatz of rtn1ition*, In platte qualit~y requires a statistical &naklysis
of the ballistic date.

if the impact eaitrgy parameter U in any impact happens to be
less than ,ho likvit exergy 1:1unction U( e/d i), the impact is an incomplete
pene~ration, but if the impsact enor'gy parameter U1S happens to be more
then the limit energy ftxetio. L(e/d,9), the impact is a complete penetra-
t Icon. The ballitle data at tnajor caliber scale usually consist of two
Impacts on each plate., whnae values of U . brackell the value of 1(e/dB)*
Tho actual breacke , m~a LiBally he repl~aced by a rkarrower estImated
bracket, which is based on the depth of penetration and the remaining

l4,oclty of' tbae Prt=-joctlln The bracketIN vary In width frore plate~ to
piate, &n4 the wide? brackots deserve less statistical weight than the
wqrrow bract-A--.

-7- . ~
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If the limit energy function U(e/d. ) fluctuates from plate to
plate in accordance with the normal law of errors, then the frequency of
occurrence of an individual deviation 0 from the true mean u for all
plates is given by the expression

in which h is the precision constant of the fluctuation.

If a pair of impacts at two different values of UR were repeated
an unlimited number of times on different plates, each time with the same
two values of' US, then the value of U(e/dO) would fall between the two

values of Us with a frequency equal to

1~ he°

~-~f e~ d/6

in which e,* is the deviation of the smaller value of US fram the mean
value of U(e/d,6), and to is the deviation of the larger value of U.

The collected ballistic data consist of a group of brackets,
each with a different pair of values for UI. If a group of n pairs of
Impacts were repeated an unlimited number of times, each time with the
same set of values for ,US then the limit energy function would fall
between the two values 0? S on every pair of impacts in the group with
a frequency N which is given by the product

1 U
he

in which e* and co are the deviations of the two values of U1c in the kth
k k

pair of impanta. A partic uir group of limit determinationn would Dccur
with the g eateft frequency in that series of plates Tor which N is a
maximum with respect to variations In u and h. The moot likely values

t'AiiI L
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of u and h *re therefore those which satisfy the conditions

1 8N - e- A
JaN 9u' 4Ct =

C2 0 eeh2
+ k-k

N: 
Oh C 02h

If e is near3y equal to Eo, these equations are simplified to the
equat ions k

111 (, 0_ h 1zt) 2 =

hN~j O

h !k 0-6 )

-)= 2) h =' 2 0
N dh

in T hich e Is the averag of' c* and . In the limit, with e equml to

C', the equations are further simplified to the .onventional equations

of least squares

1 ON

+ - ) .0

The values of u and h for a particular group of datm are found from the
above equations of mauwir likmlihood by succoesivft approximations.

0LjUtJS



The standard deviation of an individuel value of U(e/d,O) from
the mean value u Is given in terms of the precision constant h by the
expression

IV THE SCALE EFFECT

The instantaneous velocities of all projectiles, at any partic-
ular stage of penetration, are almost, though not quite, the same for

A geometrically similar combinations of plate and projectile. The duration
Zr of any stage of penetration varies therefore almost inversely with the

dimensions of the plate or projectiles. The distributions of strain in
the armor around the noses of all projectiles, at the given stage of
penetration, are geometrically similar. The strain rates for all projec-
tiles at the given stage of penetration, also vary, therefore, almost
inversely with the dimensions of the system The stress in the armor may
be represented as a logarithmic function of strain rate in the range of
strain rates which occur during projectile impact. Direct measurements
of the variation of stress with strain rate for several steels are plotted
in Figure (17). The stress in STS increases approximately 4% per unit
increase in the natural logarithm of strain -ate, in the range of strain
rates greater than 200 (sac) - .

The function which was therefore chosen in 1944 by the Naval
Proving Ground to represent the relationship between the scale ef?ect aT

and the projectile diameter d is given by the equation

a =- (.04 ± .CZ)log(4d) (s)

Equation (3) In basic to NPG Sk 650. It is represented in Figure (18)
by Curve I.

The nearest approach to a scale model of a 3" AP M79 projectile
in STS I represented by the data In Table TIT for the cal .5-0 Expr. Dw 51
projectile in Plate No. N-1. The cal .60 projectile has the same ogive
as the 3" projnctile, but differs in the type of carrier. (The cal . 60
projectile haa a base cup, whereas the 31 projectnte has a rotating band,)
Plate No. 4-1 was a nickei-chzhoium alloy plate of standard SflS compoal-

=l0
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t ion with 0.2% carbon. The data far Plate NO.N W) give a value of a
which agrees accurately with the predictions of Equation (3). Plate NO.H-4,

*on the other hand, was a chromium molybdenvum alloy plate with 0.,5" carbon,

and the date for Plate No. H-4 give a larger value of a.

Values of a have. been derived from the various groups of data
in Tables III to VII, simultaneously with values of w. The average values
of o are plotted for comparison in Figure (18), both with and without
correction to a standard static tensile strength of 115000 (lb)/(in)2.
Each uncorrected average value is bracketed in the figura by a psir of
open syrabols whose distance apart is twice the standard deviation of the
mean value. The data Indlate the existence of a real scale effect, of
the magnitude predicted by theory.

A statistical analysis has been made of the data in Table VII
for AP bombs. The ratio (14a) (l4), between the limit energy function
for the AP bombs and the limit energy function for the 3" AP M79 projec-

tile, is tabulated in the ninth column of the table. The statistical
weight to lie assigned to each ratio is3 listed in the tenth colum. The
ratio fluctuates about a weighted mean of .924 with a standard deviation
of .08. The precision constant of the fluctuation Is equal to 9. 3ome
of the plates in thie series may have bad hardnesses above the critical
hardness for brittle failure, and the mean value -f the ratio (l-f) (i4)
is probably therefore too small.

1Data on the depth of penetration p of projectiles into Clagss B
armor and STS have been collected during routine ballistic tests. The
average data may be represented by curves which express the ratio p/d
I as a function of the ratio v L, with a separate cur-v for each value

of eid. A study of the datn for all projectiles has indicated that, at
striking velocities near !imit, the penetratlon curves for two different
projectili shapes are nearly parallel, and only differ from eoch other
by a constant difference in p/d,, The curves for one projectile shape
may be obtained from the curves for a different shape by a vertical shift.

A set of standard curves have been derived frm all the data, and are
plotted in Figure 4l9) There exists for each nose contour a corre-ction f
which, when added to the value of p/d taken from Figure (19), gives the
corwrct mean value of pid for the given contour. A 7alue for g has been
selected to represent each of the projectiles which have been adequately

inveetigstedt "nd the Talues of r are listed in Table l

-lir
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Values of thie ogive effect w have ,been derived from the various
groups of data in Tables IV to VII, simultaneously with values of u.

The two most thoroughly investigated monobloc projectiles which
are listed in the tables are the uncapped 37mm AP M51B2 projectile tnd the
3" AP M79 projectile. The ratio (14q) (14-w) between the limit energy func-
tion for the 37mi projectl]e and the limit energy function for the 3" pro-
jectile was found to have a mean value of 1.02 ± .01 in a range of c/a
from .4 to 1.7. The corresponding value of w is 0.0,33.

The values of g and W depend on both the parameters b/a and a.
Thus, the 8" AP Mk 19-1 projectile end the 8" AP Mk 19-4 projectile have
nearly the same values of b/a, but entirely different values of g. Simi-
larly the 3" Expr. Dw 53 projectile and the 3" Expr. Dw 55 projectile both
have nearly equal valueu of w which are distinctly not zero, yet the values
of b/a for these two projectileg straddle the value of b/a for the 3"
AP M79 projectile. If the points in a plot of a vs b/a such as Figure (4)
be marked with the average values of if or w for each projectile, then it
is found that series of contours of equal ballistic performance may be
drawn in the plot which are not inconsistent with the data collected to
date. Each of the contours of equal ballistic performance crosses the
axis a = 0 at a value of b/a equal to the ratio of major sxis to minor
axis for that ellipsoid which would have the same ballistic properties as
another projectile on the same contour. The ratio b'/a of the major axis
to the minor axis for the equivalent ellipsoid is expressed empirically

Xin terms of the parameters b/a and a for the actual projectile, by the
squation

b

b* a

a i- -I a ± .6a'

Values of b*/a for various projectile3 are listed in Table I and one
contour of equal ballistic performance has been plotted in Figure (4).
The penetration parameter g and the ogive effect w are plotte agaist
b'/a in Figures (20) to ,22) Inspection of the figurna shows that the
ballistic performance varies conalstent1iv with b6/a.

= i,2,,tL
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The ratio ia), between the limit energy function for a pointed
projectile and the limit energy function for the standard projectile,
was found to decrease with increase in b*/a, at a rate which varied with
e/d. The rate of variation of I+W with o*/B at 00 obliquIty was appar-
ently zero at som value of e/d between .244 and .65, and Increased with
increase in e/d.

The ratio l+W, between the limit energy function for a blunt
projectile and the limit energy function for the standard projectile,
was found to decrease with decrease in b*/a.

The properties of the ogive effect for a pointed projectile
in a thick plate may be interpreted in terms of the plastic flow of the
plate material adjacent to the point of impact. A disturbance in the
interior of a solid medium is propagated by two waves which move with
different velocities. The leading wave is a compressional or longitud-
inal wave, while the trailing wave is an equivoluminal or transverse
wave. The velocity of propagation of the longitudinal wave is determined
primarily by the bulk modulus, while the velocity oY propagation of the
transverse wave is determined by the rate of work hardening. *A longi-
tudinal wave originates at the surface of the Projectile, but both
longitudinal waves and transverse waves are reflected wherever the longi-
tudinal wave reaches a free surface. The velocity of propagation of a
longitudinal wave is everywhere greater than the velocity of the projec-
tile, whereas the velocity of propagation of a transverse wave is zero
at a distance of approximately one tenth caliber from the surface of the
impact hole, but increases with distance from the impact hole to a
velocity greater than the velocity of the projectile. There i-s a zone
next to the impact hole which is reached only by the longitudinal wave.

The plastic flow in this zone is nearly irrotational, but the
transverse waves at a distance from the point of impact are able to
maintain the plate material in a state of equilibrium. The plastic
energy which would be required in the limiting case of pure irrotational
flow, has been found by calculation to be greater than the energy which
would be required in the limiting case of pure equilibrium flow, by an
amount which is aero at an eid of 0.5, but increases with increase in e/d.
Approximately half of the plastic work on the maddum in a plate of caliber
thickneas is actually perforid aunder conditions of irrotational flow.
and half is perfcxmiad under conditions of equilibrium flow. An iucreaae
in the length of the projectile nose contour increases the duration of
impact and increases the relative amount of equilibrium flow, with P
coneequent decr-eae in the amount of plastic work for perforation.

: . .
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Ductile failure by shear occurs in the armor near the point
of impact. The plate failure begins with the formation of a star crack

near a pointed projectile, and a circular crack near a blunt projectile.

The plastic energy required to open the petals of a star crack is

spread out to a distance frco the impact hole, whereas the energy required

to punch out a cylindrical plug Is concentrated along the cylindrical

surface of the plug. The energy required by a pointed projectile is

therefore greater than the energy required by a flat nosed projectile.
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TABLE I

(1b) PO 112DAA Cap T Z iC Z

G&I .30 AF MP IA 0.0119 none

Vel .SO AP V2 TA 0.0580 none 0.61 4.7 6.0 0.16 1 0.03
*.1 .50 ALP 3-5 PR 0.06P none none none .80 9,L4 3.44

20 m a c-2a-mi TA .31 one 21.2 none 64 Ro .20 1.91 2.16

37 m AP N5182 PA 1.88 none 13.0 62 Rc .10 2. 2.66

2 pdr AP BR 2.4 none none none .71 2.06 3.07

3" Cos, 162 3-5 AF 13.0 none none .ec 2.61 4.13
3" Co m Uk 3-7 A? 13.0 none none .86 1.85 4.13

3" A Type A CuS 14.1 1.4 ii.I none 54 R 10 *i .9 2. C4 0.10 i 0.02
3: AP3 Type A;1 s 14.1 1.4 11.3 none .61 2.02 3.74
3 AT lb D 2-SC (M 11 cap) Es 13.6 11.1 none .51 Z.02 2.74
3" AF D DA302-IU 31k 11 cap) Hs 13.9 11.1 none .51 2.02 E.74
3" AP Do U0303 (Light 0nap) as 13.9 10.4 none .N) 2.02 2.74
3" A? le IA304 (Heavy cap) 1s 14.6C5 16.1 none .51 2.02 s.74
3" AT Dw 3001 (S' Al, IX 11-1) CS 14.1 5.- none .375 2.67 3.35

3" AF Kk 29 (D4 DA30S) 8 1.7.0 16.1 2.6 .33 1.9t 2.37
3- AP M 2.-1 Cs 13.0 16.1 Z.9 .33 1.9 Z.37
3" AL Mk Z9-2 0Llb 13.0 16.1 3.0 56 at .3 1.94 2.37
3" AF Mt 26-A CS 13.0 11.5 2.9 .23 1.64 2.3'7
3" AT MX 29-3 C-S 13.0 3154 6.2 .33 -61 2.37

VAT 19k 22-C Cs 13.0 10.6 2.9 .33 1.24 2.137
3" Al kk 29-13 0LDS 13,0 18.6 3.0 0.0M 1.70 1,65
.3 At41k 22-f34 0000 3S. 0 18.] 3.0 -0.11 1.386 1.27t0

3" At 1661 D.b 01211) Cs BS 14.2 14.3 2.3 47 R, .. 12 1.221 2.2711
3" AT 162 Bs 14.0 13.9 2.3 53 R .33 1.94 2.37
3" AP M62 C|11V 14.6 1).9 2.) 58 RC  .31 1.94 2.37

3.. "l I79 LT TA 15.0 none none Lone 0.824 2.30 3.6f! 0.47 1 0.03

--- flpr Dr 5z (Hemiaphae) TA 15 2 no none none .01O 1.00 1. 00
3" lxpr D- 53 (Type A-1I body) TA 15.2 non none none .31 1.00 2 45
3" Kepr lb 54 (Type 1. boy) PA 15. none non# none -0.09 1.9? 1-11!
3" Kpr D. 5.5 (T nap) FA 15.2 none none nole 704 27 2,130
5" Mpt D 56 (M 12 nF A 15.1 none nOnt non. -
3" xpr Lw 57 (MX 11 nap) PA 15.0 none none nuns -
3" Kepr lb 50 (3 Oal (wive) ?A 15.3 none none none .909 3.32 2.22
3" tXpr DW l 9 (4 -fl oglos) FA 15.2 on. none none .934 5.8" 61

b- Al Zxyr (7,5 lb flat none) FA 7.4 none none none .... 0 O
3" AT Sepr (11 lb flat nose) A 0.7 none none0
3" At Xxpr (I3 lb flat noe) IA 14.9 none non- .o06 - .00 .03
3" AV txpr (filat n..a - w) CS i ,i i none I .1. - .'I) .01

4'" C oa Mk 10-1 HP none none
4" Coam w6k 16-1 EN 33 1) 4,7 3.2 .130 ,t0 3,e4

5" Co- 1k 15-14 3R '5 none none
5 o" MA.-R 32-4 Cs2 !i 4 -V on. a . ,
- Com Mk 38-I C-5 3.7 7.u 7.0 130 3 .07 2'70 4.34

l ' =6.R 11l

'I" 100.) -i 16- W m ft.. .4 2Q)

6' lsoa ik 20-. UP 10 0on none
' ICa ML 20-4 CS s 09 none none
6" 'oak -1 i in 0, .1 .A0 !,% 34t5 0,# oz

V' roam 42- S 111 I.I 8! 1 1k 23' 3 45 .4346" CO ik 4 5 5. .0o 7! 0 4' ,
6" loan Mi t",1 4,7

" Co.&Mt ILZ(LL..0) R- o nl

'5Nan Mg 55 1 f01 ,1 Z6.0

Il 5r, L.A.) 1611.- w 1

6" 41 lkk 91 1 7 none 4 0

6A Mli II-
t' Al'n uiiz

0.012N0 1

onw~ P - -
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I' ~ ~ u mo 8k 1- 37 4) 4. 1. 0.0.8 .06 3.74 0..3 ± 0.03
8ODO Nil 15-4 04 40 .4 1 A. .4. 3 5* t6. &m 38 171 08 840 4.0 - . 7 0 1.60.

B'emUk178 80 .0 4.7 3.7 .8 1.60 3.14
*OinMk1$ 3f- 8 0 4.0 3.1 3. .7! t.8 "L" .06' m Nk..8 11-4 X no 4_0 It:). 3.: .7 .4 3.4 0.47 1 0.04 I.

a, cai Bic 17-4 OwgdA 84150 4.0 8.0 0.46~

W~ AF 10 Ti!, as a" .1 4.0 1.1 .11" 8. :538
8 'A 8 11 .Ia 80 81 0.0 1.3 295 m .35 .8 1$.30 0.37 f 0.0*

*~AP w, 1,0-1 as J!") 14 1is 44 .71 1. Ob 8.77 0.51 ± 0.02 0

8. Al sk 10-3 In 840 14 1. .
a. lk 8 1-.) 26 80 14 1.AV asU 1- 0 1.41 18. 5.s .14 1.8a" 8.Ox C. 10 1 0. 03
C' AY l8k 10-5 ROD84 1.4 17.2 8.1 .18 1.810 a.0of

8.k? Uk 18 6 08 441 1,4 16.7 8.3 .14 1.b03s E,0Oz
8AY ML W3- w4 90 1. 1 19.6 4.8

6. MR U 0 t4- ~ 40 a, 12,8 4.0
"l k 20-4 3 80 1,2 t4 .

Ar 111 0- w4 too 1.2 1,. .

0' AF Uk 81-1 m8 313 1. 17.T E.2 57 80 .12 1.725 I.601
8: AP Nk 1- a4 1) 1.5 17.0 1.. 53 10 .0 4116 1.).
4" A? ft 21-) 3* 1 1,) 17.3 1.3 R3 80 12 1.7)5 1.8' o., ";,

19' mU 14-0 RAS 015 8.8 5. I 1.1 .47 r.090 3.0 85 0
1'AS Wkb 15-4 870 8.6 4.8 0.8 .47 8.90 3.01 0.5k 0.04

1:: A? Tip. A-1 1 1140 15 10. 1.8 .31 8.00 8.4* 280,
as SE. 810 1140 1.1 10.8 1.2 .08 1.84 1.84 ,

14' wi w1-88 100 5. a. 8 .1IT f7 .10 z iA 0. 40 10. 04
14 Aj Mir 1- so 1800 1.0 8,50 8.1 .59 k:.0 2.10
14: " Alot 16-4 w4 1500 1.5 10.0 a.0 T17 1.96 8.88e 0.57 1 0,00'O
14'A 0111k 16-7 DO 1000 1.0 10.1 1 .87 9.45 2*t
14' AP "k 1- CL 1800 1.0 10. 1! .2 .,o0 V..7 1735~ .
14 A? ax 16-9 ws 1500 5. 1U. a 8.4 -0.8 1a.804 8.8 El-
14 AF Wk 18-10 SO 1500 1.0 12.0 8.3 -0.13 1.0.815 1.41 '
14'- A? UK 9rO-, 03 1800 1.0 10.1 8.4 -0404 1.70 1.74

16, M Aft 24 -1 UB 2100 8.4 1.23 1.1 .47 8.80 3.01

14'IL in: "k W54 U40 1.0 10.6 8.8 ,16 i.745 1.98

14- ~ ~ ~ W E?3 -10 700 1.5 8.1 1.1,8 .8 .0it: A? MR0 O-E .1 673 1. . 1. .14 8.04 Z.22
18' Al' Wk 0-3 84 8700 1.5 11.0 1.8 .24 1.80 8.54
14. Al UK 0-4 03 L100 1.5 98 1.8 .17 8.17 .1.41
181 A? Mo e. 5 Is 8700 1.5 9.5 1.7 .)6 1.87 1.17
16, .8 8V& 8-6 an 2700 1.5 11.0. 1.2 -N7 1 6! 2.05

18 A i~ -I0 010B. 10.0 1.1 .06 Z.05 r. 10

1000 lb A? &-,b 8t 33 871 1".0 ...4 088 .81 . 51 i. 04 1

10.0 lb Ar Pool Uki 1 -1 11) 1040 11.0 OVA -,00 .80 8.57 c.07 3

gg cap Oialf 
t is. or Rood 100 -

- 01- - 1t..1 G- _

08W8 ; Ckqho1*t m1114,'-. t- 80. 000.
an = L t.*t.00. o. I81 1/ -A W~ fa.t,- I- th* th-8*4 -,~00 '0
IA - 4T.elo, A?4s,..e ....8800 .00. / V08-,lor1rt .o.o)otr

84 47880( ip.8# 11. 840814 C-.. 80 t8 ... I. .0th tit, of too. .

Ut UT'. PV--o, .0. V/4.11001.1 . f .308..*. h

OLD I- tI1.a, C.".1 g8
F,01 ' 181.0Vl1,088)Uto*)op£1 th. Io.-.. o,- to 00088I to -r8O*8 of 010 01

-. , tt #JPt of -OU ' - 1-, 0 .eIk.
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Table

Paramotare of the Ogive

(Calibers) na L6

.5 1.000 0

2.183 .,86 .3682

..8 .463 .4029

I. LI 732 6056 .41i84

1.2 1.949 .737 .428k

1.5<36 .800 .4371

.0 Z 64 .8,57 .44

3.089§ .0 .

.0= 3. a 71
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Taxble Vi -Melte Peneitrationi coefficients for uncapped 3an~ Al' &MIB2 Projoctiles, Y" Al' I7" projectiles, and otbar
3" nonobloc projectiles Tso Since B armor or 91"S corrected for tensile strength to 11500 (18)/(iaL)*
tensile attAagtb. (hafarence (3))

Uncorrected Corrected
IPlate Tensile 8-) t ) F(,) l0)u-8) (140) (1+e)

Projectile tiumber Strongtb d1 dl d1

31 AP u7D 1478 122000 30 .5855 433W±*500 12.8 .R9S

Y' AP' Type A-cop 5* .652 4005t5) )..10 .995
29.M1 .65.. 44000±1000 12.6Z 1.02a

3ZL)a Alp IW.112-cap a3 W8500 1. .7D4 47400i500 49"0C 18.77 1. 104

3" AP 7 7,&) l0"A000 .t1 1.60 5L500±500 Z,2 (So 46.5 1.000

3"Urrrr 4cl.oie 1.89 46800±300 498(X) 41.V .895
:7m AP ) 9 (4 cal. o1ie 10d8 l~0t .379 50400±30 52000 37.3 1.03

37'. AP MOISZ-cAP 4G1497 1224J0t.0 51010 *Z.

3" AF P M7 29.7' .489 41200*200 41600 a.46 .1495

37M AP 15181-cap 400 200 2. 1.0'5 .390*10 0 25.3 X-047

3- AP 979 "2g-a' .400 41000t200 b20 .967

3" trpr (1.5 lb. flat noe) 1. I .48$ 2dnbflj4X) 3.U go0
# " 10. .4M4 .SOs)0i±500 4.54 .535

45' .495 U6&00,10 VI - Ise?

Ctlon~ rnca th Oante r of a 10.8" plaite.

r4

b.



Table vi - (continued)

r Tncorreoto4 Crece

Plate Tensile o 1.(,. F(".,O) (io0)u1) (lU(1~
Projeat~le Number Streuigt 4.1

37mm AV U.M51B2-c*P 40!502 l1MOOO 1. 1.017 48".4~o 000 X1. 7 1.048

3- AP p179 ".!5 .495 443900±CO0 45400) 10-20 1.013
20. .495 421O0*100 43,'00 9.37 .995
50. .490 40200±200 41700 8.52 1.000

3" AP an9 406319 117000 29.n. .507 4L300tZ00 41700 8.82 .986

3- Expr. (15 lb. flat noe-f) -V to?* 50 31200±300O - 32100 5.22 .8

3" ixpr. (L,5 lb. ILO"an) 31* .510 3.390±200 34900 6.21 .700

3" Al' W19 40916 1!.3000 29.5* .498 41300±200 41700 8.66 .992

Z" txpr. (15 1b. flat nos*) " 30, ."01 3LO00-200 32100 5.16 .589
87000 31). .50Z 2500±2o0 32100 5.17 .589

37M AV M52-s 55909 1 L8(X0 0. .8311 47900±300 19.16f . 996
M". .838 47600±300 1.00 1.048
30.51 .8 4 3004500 18.50 .9Q7

.3" AF' 179 P. .40 )Ob00±i 7.72 - 00X8

3" Al' Type A-owp a.8 .409 4,4000±1000 7.9 i)0?1

37= Al' i~182- NP 56360 12,Y-01 3. .433 40700±1000O 7.17 .85 7
31" . 4L-j 3850(k3C6 6.4L 0

:IT.= All M5lfl2-c',.P 609v19 LI0 443 47800±200 10.1, 1. 175
29- ," .444 4100k5C() 7 7i .1

3" AV Type A-43hp " 10. .21. 04000t500 2.45 .2
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Table VI (Continued)

UcI'?eated corrected

Plate Temzmile e( 1-8 /1~)(' (40 (+Q
Projectile N~ber Strength F(,) F(.d

37mm &.P M~9-* WW8 113O0 4' .504 48800±20 12.00 16
<1"" .30.5* .504h 43300±300 9.45 1.076

3" ALP M79 4 " .244 389Wt2O0 3.3Z 1.01

3" ftpr. flu 5P Wewimpbare) .5. .244 349C0±300 Z,97 .840
3" xpr. Dlu 53 (Type A-i body) 2. .2A.4 36600±300 3.27 1.033
3" apr. Ow 54 (Type A bodyl " ".5.* -24 35900±30 .3.14 .994
3" Vxr Ow 55 (Type A-]. cap) " 4' .24-4 36900±200 .3.32 L.353
3" iMxpr. Ow 56 (M132 cap) " 0" .244 35900t200 T.14 .99

3" Expr. Dw 57 (mkU cap) r. _?" 24 36200t±300 3. x 1.015
3- (xr Dw 5 8 (3 cal. Ogiyo) .5. .244 37§00±300 3.4v 1.102
3" Expr. Ow 59 (4 cal. ogive) " 1" .244 37300+200 3.39 1.074
3" Sxpr. (11. lb . Ttat nose) 30 .244 355001,600 3.08 .272

X" AP M79 "4,1 -i!44 31400±35W 2.40 .958

3" Xxpr. Lw 52 (Hesutphers) " 45- .244 300>3.09 8 1. 245
3" IxPr. Dw V33 (Type A-1 body) 45' .244 33800 <2. n9 41. 122

3" Zxpr. D" 54 (TyPe A boxky) " . 45. .24 m 3330 >3.04 >1.Z24
3" Expr. Dw 35 (TYYe A-1 Gap) " 45' "24 3,3500±200 2,74 1.1031
3" txpr. Dw 56 (U52B2 09pi) " 4n* 24,4 31600tJ000 2.44 d

3"1Jr xpr. lw !57 fiwi 11 a~p) " 45' .244 313C0±1000 2. 39 .6
.3' Fxpk'. Dw W~ (3 cal. Ogive) "4t, .244 301O0±1000 2.2. .890
3') dxpr. Dw 38 (4 es1. Ogive) "45' P44 30100*1000 2. 21 .8wQ

3" A? M79 17L0? 12 000 0" WVjU 443100±300 18. 02 8666
30. .809 43100±500 15.013 . 45

3" AP' Type A-cap " 1. . 6114 43&Y)0j50{3 16.58 .82
3" AP Trpe A-1-cap 2 B. -83" .19 43*IXX*±3OU 16. 3 I. 0±3

37m. A' M31B2-cakp 87347 j.X000 3" 1.34 !%53300t1000 .10~ .57. B 1.01
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Table VI -(Continued)

Uncorrected Corrected

Tensile A t e ( (
-(- F(-.O)

Strength d d

122000 40 .504 48800*200 12.00 i.168
3 050 " °504 43300±500 9.45 1.076

40 .244 36900W±200 3.32 1.051

" ,5 .244 34900±500 2o97 o940

2" .244 36600i500 3.27 [.033
1.50 •244 35900*500 3.14 .994
40 -244 36900±200' -3.32 1,053

of 00 .244 35900±200 3 14 .994
" 50 .244 36200*300 3.20 1.015
t • 50 .244 37800±300 3.49 1.102

"" .244 37300±200 3.1119 1.074
3 .244 355001.500 3. 08 .972

45" .244 31400t500 2.40 .969

" 45" -.244 35600 >3.09 >1.245
" 45 0 -244 4 33800 <2.79 <1. L22

450 .244 - 35300 >3.04 >i.L24
45" .244 31500±Z100 2- 74 1.103

it 450 •244 31600±1000 2-.44 .981

IV 450 .244 31300±1000 2.39 -962

"t 45b . f44 3010011000 2.21 .890
It 45 ° " 244 30100.1000 2.21 890

125000 0' .809 44500±500 16.02 .866
It 3 0 .809 43100±50I0 15.03 . 946
I 1 .819 45000±50 16.58 • .8

" 28.56 .819 4b000±500 16-513 1.013

13OO0 30 1- 34 5b50±1O00 53100 37.8 i. 089

J. %= ~~--.



Tmble VI (COntinued)

Unoorracted Correc'tedToeile 0 (..F(.) (0)-,sb'tr*ongth 
d1-O

10000 1 0 70±0

40 .650 44800±700C.Oi.2

.64 488OOt200 15-46 1.092ow .649 48300300 15-1.4 1.070
t10 .849 47400±200 1.4.50 .3le 1 .650 46400±200 13.9,9 1.0987

1650 45900t300 369.9876
30.651 46100*200o 13.84 .974

6852 43800-j500 iz 11.021~5
30a . 52 45400±200 

34L10
30 .52 45OOt2oo 13-68 1. 120tv300 .659 50±0 13. 20 1.081

:30 .65Z 4400(o±~Xi
.65U 43 0 ±8 0' 06 . 9a7

11.6000 10 11387 b33G0±3o 530 38. 4 1. 080

i19000 le-1 430 0 f 0 41-00 2 04 3.lb190 .944 bo8oo"o 50200 k". 1) 06 2

4",5 4070GOO(I) 7.54
_460 7.d0j>o 7

4b4 1600t200 7. 9 e

7, ) fo ~( 5 o o

~ ~ ~ ~ 4 3 t -_ _ _ _ _ _ 5 _ _ _ _ _ _
4biN
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Table VI - (Continued)

Uncorrected Corrected

Strength d(53 -

124000 30  . ,47 39000t200 5.28 1. 036

117000 4 .673 48600±100 48300 15.70 1.063

.5* .326 40300300 5.29 .985

30., 5 715 44100±500 43900 12.97 1.026

300 .326 94900*200 3.97 •862

118000 00 .206 34300t100 2.42 1.061

00. 207 34 00±200 2.52 1.092

450 206 29200*500 1.76 .973

45* .206 2300±200 1.13 •625

132000 1.375 55000±800 52400 37.8 1,053

119000 3 .541 46500±200 1. 701038
300 .540 42000±800 9.52 .986

"31 .160 355800±200 3. 33 V 31
,259 33800ii00 2. 96
"260 b30oo±bOO 2.92 .936

44. b .263 31 0±lO00 . 61 .915

115-000 30. 662 43900*,2 0 4900 12. 76 j. 000
* I00 .F662 41100f300 41100

,. 656 900 >.59:00 >10- 13 >. 831
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Table VI - (Continued)

Uncorrected Correctede 1.7 Tensile e e 0) (1-6U (1,C (I

Strength d d )

85000 00 .657 43700:L200 48,500 lb.45 1.074
20* .660 40000t200 44400 13.01 .932
29.8 657 37900±200 4,800 II. 64 . 94

119000 300 .650 38800±1000 9.78 .0
.-5 41800t200 11. 50 930

106000 1 . 827 48900*200 50300 20. 9 L 100

132000 30 .43 1 42W8)0500 7.90 .950
if 0 .429 276001200 3. 27 .395

130000 00 1.036 150900t400 26.8 1.070

i . ,50 6100±300 10.73 1.040

12 b* .669 47000±200 46600 14.53 .987
S10 .673 29000*00O 26800 5.58 .377

127o0,-" 11055 49500±400 47800 24. 1 . 940

108000 0 0.36 49 53(k 00 50200 4.8 .984

0 0 1. 39 50 40000 O51900 37.4 1.031
H 1.3~ 5120±.00 5 )30 3%.01.4

0 0 1.39 50900200 52000 37.6 1. 0.36
" 04 7 9 47900± 0 4 O 5J .916

, 65 47;200±200 48200) 31.7 .890

109000 . " 950 4.9)0±200 46 21.0 .59
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Table VI - (Continued)

Uncorrected Corrected

Tensile F( e (109m £

Strength T d d )

116000 00 1.63 53000t500 53000 45.8 1.023

.50 1.615 53200+200 53200 45.7 1.035

.50 1.62 50700=500 50700 41.6 .940

91000 4.5" 1.69 52300±300 554C0 51.9 1.113

" '3 .819 46100±200 18800 19.50 1.042

200 .823 44400±300 17000 18.18 1.028
"00 .823 43700±500 46300 17.64 1.087

121000 00 1.016 49400±500 4:8500 23.9 .976
o 10 1.02 0000±1000 49100 24.6 . 999

101000 00 1.35 48700±100 50900 35.0 1. 000
101000 0 1. 35 49700±200 51900 36.4 1.040
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Table VII -Plate Penetration Coefficients for AP 1onbs we Class B plate corrected for tensil.e ,strongth
to 115000 flb)/(in)l Tensile Strength at 15 C.

Unaorrented Gorreotod
Plate Tensilaa a8 - F-.6) F(-,G) (10 0)~.) (14ai)(144j) a k cn

Bom~b Wmbsr Strength d

12" SAP LIWAl X8651 121000 W1 .160 2 26200 >J. 10 > .85.95

12. 2" 3AP T5 3A737A-l 107000 20)" .162 A: 36000 <38900 <2.20 <1.66 . 940

4" 20, .328 37000±1000 :37900 4.71 .93 .88 .940

12" AP Mk %3 a.372 110000 20." .396 53800M±20W0 38100 5.94 .865 .66 .940

KKLI48 10900 25," .41, -1~ <42400 <8.3 <1. 010 .908
29* .460 f 42100 <420(X)O <3. 31 < 1. 080 . 57

2-1 .65 440, 42.300 8.;29 100 9 . 910
30 46 .OO*Y 41900 8.14 1.034 .9986

r.Kzo2 1,1320W 19.5* .4i4 42000±200 441-00 9.38 1. 02.3 .99 V943

30" .484. -1 39600 <29000 <7.26 M8 .866

KK719 112000 Y' .273 .33000±20 220 3.01 gv0 .8466

TT6ra3 U112000 30.5 0 273 310001700 31200 2. AP,* .91 .86Z

t242k1 t~0O g." .417 . 13N00 <6. 1. V .04 .870

-A2lf54A1 10500 20(m7 42400) <4M0 WO 0" 104 .940

- 01011 1000 20" .479 2120±.0 02.09..0

MKOOIA1 115000 30. 266 31. ~ W .:3 .0cu0 2.,1 O300 . > -

14" Ap 0-20 5A45t7A3 I000 Q0 .UA .178 40000+500 .40 6- 96.L V97.9

~ C~<-47



Tuble VII ( Continued)

Uncorraented Correated -JA

Oca Nubor Itrnxgth.F.) f-8 2'u~$ ~)~-

1.4' AIP W 1 8943 103000 20.5 WO 4 0 3000t700 44700 t. 99 1. 056 .9 .*

Z" 5 1500 400*200 1U000 8.82 . V5 .94 .910
3 0. .50" 376001200 3210y0 1.70 .070 .99 .866

Mb' .502 4000*rjoo 41.800 8.77 .7 .7

13.4 112000 2f' .39- 39000±1000 393009 90

3mZW a 12 000 251 .. 7c4n( 410 .81 w906

IB"O6A.S 1,2000 21.5 .401 36z)O0±(00 S7n_.) . a19 .99 .0

S5C0?7A1 106(00 29.5" .464 )o)?Oot2oo 40400 7.1)7 .9U2. .870
164 .~~00 >40200 >15 .870

N- il_
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(Balltotic Data)

i1) "Anor Pnetradon of cal .60 Bullets of Variou3 Contours,
H. W. , uker and T. A. Read, prankford Arsenal Report No. R-615.
(may, 194")

(2) -rhe effect of the ahape of the had of AP shot on critic.] veloc-
ities for panetr&tion at normal" R. acPhail, Prooi" Rd Develop-.
ment Estatlihment, Valcartier, F. Q. Canada (May 1,943) "Second
-rogress ieport on the Investigation of Scale Effect in Av.rour

-M, Nnetrtion. Efit of Hardness on Plate Performance". D. G. Sopwith,
A. F. C. Brown, and V. LA. Hiokeon, National Physical laboratory
Report No. 1,50 (February, 1945). 17hird Progress Report vn the
Investigation of Scale Effect in Armour -tnetration. Firing Trials
at Normal attack with geometrically similar Shot againat Homogeneous
Armo nr of varied Hardness." A. F. C. Brown id V. M. 11tnkeon,
National PhyeIcal Laboratory Report No. 79 (September, 1.944).

(3) "Pnetration of Homogeneous Armor by 3" Flat Nosed Prolectiles"

NPG Report No. 7-43 (April 194.3). Mhe Effect of Nose Shape on
Ballistic IPvrfomance of 15 lb. 5" AP Solid Shot 4gnzinst Homogeneous
Armor Plate", NPG Report No, 2-46,

l(4) "Balllstic Summary. Pert i. The Dependence of i.it Velocity on

Plate T'hickness and Obliquity at Low Obliquity". NPG Pamphlet

Report No. 2-46 (Mabrch, 1946).
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WG PHOTO NO. 3034 (APL) PROJECTILE NOSE CONTOURS IGIRE (0
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10PP PHOTO NO. 3037 (APL: PROJECTILE: NOSE CONTOURS FtR 2

2Qrnrr. AP C-2Omm-I

I2

0 0-

N 37mm) AP M5182

0 
3

A P MI

Xt k A A



KP HO~ NtOc 3031 oi APL) PROJECTILr NO E CON iCURS ~~n I

3' AP Type A

3" AP Type A-I

% A

W, ow.

\(Jb



p , o. I~oYo No :!o). ( ' PROJECTILE NOSE CONTOURS f, trnt H)

8' AP Mk 19-1

: - 0 2" . .. . . . .

6' AP Mk 35-2

8' AP MW 19-4

0
0 2

8- AP -W 2---1

e' AP Mk 21-3

P W\

|N
i47 ..

__ft



NP6 P%*?o NO. 3040 1AOL' PfROJECTILF NOSE CONTOURS Iu

0

01

41 7R W 0i Iv v0A



NN

.~ ~ ~ ~ P .Pt A o T o W ,. b l ,, (A F L ) P R O J E C T IL E N O S E C O N T O U R SI~ l' '

14' AP W# 16-4

14' ,P Mk ie- J

"s4$

A X,.x,4V
- 'it ' -' k " I e'



C
Sus Ut

t-*tj 
Ct)0

C)

I- q -

-z 1/ b

-
IN

2 r) 144

"Ss& ~
I

hi L' 
U

U,

MS -.

C- I
4) I 0

U) ~#3

*2

/
C)

j -C,

A r I :4
C #3

fl.

C) I 2~
4, I 'Cl

I: I j NW

- :; cL,-~.fl.-I / 0/ 0

I N
Cl

t a I CL Li

/ V C)
a

'-I ~j/
Cl 

4-

N) '.'.a. 0

U
I- C
0 -=
r -Li 

ix &, Ci

2 cx
Cl 4'

0- 14 ~4i *~--~ K> >

- C - 'K' -~ ~t~~ ' it" - - -4',, g V '2 A

~At2 At ,n,#it:~vY*.w I4%C&~MIV V , Vix' -u ~j14
44 t 4 ~ Ar 14As~r ~

1%

IF XV C 4 .04 4 9 0



I PC PHOTO NO. 3044 (APL) FIGURE (19,

THE DEPTH OF PENETRATION

Undeforned Projectiles in Homogeneous Plate at Low Obliquity

e plate thickness
------

d =projectile diameter

padepth of penetration

s triking velocity

VL limit velocity

g increase in p/d due to
. ... ... difference in nzse shape

9
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